Reusing flowback water and produced water from active wells becomes more and more important in today's oil and gas operations to control surface water volumes in order to keep surface water disposal costs (reinjection or trucking off the premises) to a minimum -especially in operations that do not require secondary lift support. However, reusing untreated produced and flowback water untreated in workover and completion operations can promote bacteria growth both above and below ground.
Introduction
The Piceance Basin is located in western part of Colorado. It is classified as an elongated structural depression trending northwest -southeast. The basin is more than 100 miles long and has an average width of over 60 miles, encompassing an area of approximately 7,110 square miles. The Piceance structural basin runs through portions of Moffat, Rio Blanco, Garfield, Mesa, Pitkin, Delta, Gunnison, and Montrose counties ( Figure 1) .
The basin has come to increasing public attention in recent years because of widespread drilling to extract natural gas. The primary target of gas development has been the Williams Fork Formation of the Mesaverde Group, of Cretaceous age. The Williams Fork is a several-thousand-foot thick section of shale, sandstone and coal deposited in a coastal plain environment. The formation has long been known to contain natural gas. However, the sandstone reservoirs have low permeability and limited areal extent, which made gas wells uneconomic in the past. Advances in hydraulic fracturing technology within the past decade, along with higher gas prices, have made gas wells broadly economic in the area.
Williams is operating approximately 2,600 wells between Parachute and Rifle in the Piceance Basin. Operations are performed with efficiency rigs and simultaneous completions, drilling and completing around 500 wells every year. Simultaneous Operations (SIMOPS) enables hydraulically fracturing of wells from remote frac locations situated up to two miles away from the actual wellhead. Four to six wells are completed in the same completion group. Up to six hydraulic fracture treatments are performed per day, averaging about 100,000 gal of sand laden fluid per stage for approximately 25,000 bbl of water per day.
The water for hydraulic fracturing operations is stored on site in pits of about 80,000 bbl capacity. These pits are initially filled with produced water coming from a central waste facility where all the produced water is collected and goes through a treatment process to remove solids and hydrocarbons.
The frac treatment itself is a so called slick water frac type -meaning that the frac fluid is a linear frac fluid consisting of water, friction reducer, and a surfactant.
After the initial round of fracs the pit is filled with flowback water from the wells -the average recovery rate in two days is approximately 50% of the initial frac treatment. The remaining volume is made up if necessary from the central waste facility by truck. Reusing flow back water cuts down on trucking costs to fill the frac pit, reduces traffic to minimize H&S challenges and also reduces the impact on the environment.
15,000 bbl of water are produced from existing wells and are processed through two E&P waste facilities. Reutilization of water in the completion process also provides a cushion in order not to overwhelm the waste facilities.
Reutilization of flowback and produced water for workover and completion operations poses the additional problems of introducing aerobic and anaerobic bacteria into the wellbore and formation. Introduction of anaerobic bacteria like sulfate reducing bacteria can cause localized sour gas (H 2 S) production and can eventually start souring of the reservoir. Other anaerobic bacteria include AFBs which are the main source of bacteria related corrosion challenges in the field.
Most aerobic bacteria can grow under aerobic, microaerobic, and anaerobic environments. However, growth is slower in the absence of oxygen. Many anaerobic bacteria can also survive under aerobic conditions and resume growth when the aerobic bacteria have consumed the available oxygen.
The flowback and produced water is normally a microaerobic or anaerobic with < 2 ppm of oxygen (O 2 ). During pumping and mixing operations, enough O 2 is introduced to change the environment to an aerobic environment.
In order to prevent bacteria from multiplying and introducing live bacteria into the wellbore and formation (both aerobic and anaerobic), several different types of bactericidal and bacterial treatments have been investigated.
The following methods will be discussed in more detail showing the pros and cons of each system:
• Aeration • Chlorination (hypochlorites, chlorine dioxide)
• Other biocides (quaternary ammonium compounds, aldehydes)
Aeration
Artificial aeration was first used in 1755 by Dr. S. Hales by blowing air through water being distilled. The main goal is to raise the O 2 content of the liquid to above 2 ppm. Aeration helps greatly in the removal of iron, manganese, and organics. Increasing the O 2 level allows for the lower oxides of minerals dissolved in the water and combined with carbon dioxide to be converted to higher insoluble oxides and in turn removed by subsequent sedimentation. If organics are not removed, they will decompose using up even more oxygen and creating byproducts like ammonia, nitrogen, and soluble phosphates. The byproducts are a great food source for anaerobic bacteria -especially SRBs and AFBs. Aeration basically takes away the food from anaerobic bacteria and prevents their growth and reproduction. Aeration removes any hydrogen sulfide and similar reduced sulfur compounds that may have accumulated and inhibits the growth of sulfate reducing bacteria, thus preventing additional hydrogen sulfate production.
Several different products are available to facilitate the aeration process. These products range from simple floating splashers and rotors to high-maintenance diffused air systems using membranes and complex manifolding and piping layouts. While these systems introduce a certain amount of air in the treatment basin, complete aeration is not always achieved because the dissolved O 2 is not distributed uniformly throughout the treatment pond. Hence, dead zones exist and incomplete aeration occurs. O 2 dispersion is the key to efficient oxygen transfer.
During the test floating aspirator aerators were used that not only inject O 2 but also create powerful horizontal and circular flow patterns for improved oxygen dispersion throughout the treatment pond (Fig. 2) .
Design of the aerators is heavily influenced by pit dimensions (volume, depth etc.), water quality, and pit throughput. Pit dimensions like depth will dictate the depth of air injection -air needs to be injected deep enough to provide O 2 dispersion to a sufficient depth without steering up the sediment layer on the bottom of the pit containing the higher insoluble oxides. The volume and liquid throughput of the pit dictates the amount of aerators required to provide ample oxygen dispersion.
The pit chosen was the wastewater facility pit and contained about 120,000 bbl. The benefit during the trial was that electricity was readily available due to the proximity of the permanent waste facility.
Aeration removed reduced sulphur compounds, reduced free chlorine, and in general vastly improved water quality
Bactericidal Activity
Except for killing strictly anaerobic bacteria, aeration does not provide bactericidal activity per se. Through introduction of O 2 into the liquid and optimized O 2 dispersion, lower dissolved oxides of minerals and organics are converted to higher insoluble oxides. These oxides fall out through a sedimentation process and are removed from the liquid by settling on the bottom of the pit. By not disturbing the bottom sedimentary layer, no organic and mineral oxides are reintroduced to the liquid -starving the bacteria. A further benefit is the elimination of soluble iron from the water since it reacts with free chlorine as discussed later on.
Pros
The pros for aeration include that the process is very simple and the aerator itself is not very complex and easy to maintain. The process itself is rather inexpensive after the initial investment to purchase the aerators since not other chemical has to be added. Aeration is a very environmentally friendly process since the only requirements for the process to work smoothly are electricity and air.
If residency time in the aeration basin is long enough, most of the organic compounds in the water will be consumed and the bacterial population will be drastically reduced. The oxidation of reduced organic and sulfur compounds lowers the chlorine demand of the water and thus lowers the cost of disinfection by chlorination.
Cons
The cons on the aeration side include throughput. If the throughput of the pit varies widely, O 2 dispersion cannot be optimized due to the widely changing residue time -or better contact time. If aeration is applied in remote areas where no electricity is readily available, provisions have to be made to supply electricity to power the aerators. Average motors on aerators have a power rating of 10 HP and require approximately 230/460 V, 60 Hz. A generator is most likely the only long term economic viable solution. Further, aeration on its own does not disinfect water. As discussed earlier SLBs are aerobic bacteria that can cause emulsion like products and slime to encase other bacteria providing them with an additional line of defense.
Bottom Line
Aeration improved water quality, eliminated total recoverable petroleum hydrocarbons (TRPHs), and reduced free chlorine demand, biochemical oxygen demand (BOD), and bacteria counts. The method is environmentally friendly and comparatively inexpensive. However, aeration on its own does not provide an effective means of bacteria control since it favors aerobic bacteria growth and some anaerobic bacteria can survive in a biostatic state for several days. An ORP (oxidation/reduction potential) meter is available to test for oxygen in the aqueous solution, however adjusting the O 2 dispersion is hard without adding equipment.
At the writing of this paper, another aeration pilot is being implemented to help reduce free chlorine demand in completion fluid.
Chlorination

Hypochlorites
Chlorination for water disinfection has been in use since 1908 for water purification. The earliest form of water purification through chlorination was by chlorine gas -chlorine gas is highly toxic and is generally being replaced by hypochlorites.
Calcium (Ca(ClO) 2 ) and sodium hypochlorites (NaOCl) are powerful germicides controlling a wide spectrum of microbes. They are non-poisonous to man at use concentrations, leave no poisonous residuals, and are economical to use. Ca(ClO) 2 is available in solid form (pool sanitizer) and NaOCl in liquid form (bleach).
Because of their wide acceptance as disinfectants in many industries, hypochlorite solutions serve as standards for testing of other chemicals' effective biocide activity.
It is generally accepted that concentrations of 2 ppm and above of free chlorine applied for a minimum of 30 minutes at 20 0 C and pH near 7.0 will kill most common bacterial vegative cells. Solutions of 3 ppm applied for 120 minutes at 22 0 C and pH near 7.0 will kill bacterial spores.
Adding hypochlorites to water creates a pH dependent equilibrium mixture of chlorine, hypochlorus acid, and hydrochloric acid as described in Eq. 1.
HCl HClO
Depending on the pH, hypochlorus acid will partly dissociate to hydrogen ions and hypochlorite ions as described in Eq. 2:
The hypochlorus acid is a stronger disinfectant than the hypochlorite ion. At a pH = 7 the free chlorine exists 75% hypochlorus acid and 25% hypochlorite ion. As the pH increases, the amount of hypochlorus acid decreases and the amount of hypochlorite ion increase.
Some of the free chlorine combines with organic debris, soluble iron, manganese, ammonia, and other organics to form chloramines. Chloramines have very poor disinfection properties. The sum of chloramines and free chlorine will give you the measurement of total chlorine -however, referring to the above discussion, it is best to only consider free chlorine concentrations in evaluating disinfection potential. Hence a test for free chlorine is important to understand if the water contains enough chlorine to effectively kill bacteria.
The total amount of chlorine which will react with both compounds like iron, manganese, organics, and ammonia is referred to as the chlorine demand.
The chlorine demand of different waters can vary widely. Chlorine demand is the difference between the amount of chlorine added to the water (the chlorine dose) and the total chlorine detectable in the water.
A breakpoint (BP) exists before which all chlorine added to the liquid will react with organics, soluble iron, and other substances to form chloramines if ammonia is present (Fig. 3) . Before point A reducing components destroy chlorine residual. Addition of more chlorine results in formation of chloramines (point A to point B). If more chlorine is added after reaching point B, chloramines are destroyed until you reach the break point BP. Monochloramines are decomposed to form nitrogen. At the BP the chlorine demand for the particular liquid is fulfilled (all ammonia is oxidized) and any further addition of chlorine will cause an equal increase in the free chlorine residual.
Disinfection with chlorine is not instantaneous. Time is required in order that any bacteria present in the water are inactivated. The time taken for different types of microbes to be killed varies widely. It is important to ensure that adequate contact time is available before water is ready to use. Since the pH of the liquid also affects the efficiency of chlorination, contact time is therefore also related to pH. However, if the water is superchlorinated (free chlorine level = 10 ppm), bacterial kill is instantaneous. Lower levels of free chlorine still will kill bacteria but require specific contact times (Fig. 4) .
Free chlorine dissipates in water quickly but chlorine persists in water as 'residual' chlorine after dosing and this helps to minimize the effects of re-contamination. It is important to take this into account when estimating requirements for chlorination to ensure residual chlorine is always present.
Initially Ca(ClO) 2 was used to treat the produced and flowback water against bacteria to be able to reuse it in completions and workover operations. However, tests identified that the additional calcium in the water was detrimental to the friction reducer used in completion operations -it made the friction reducer virtually ineffective. NaOCl was tested as well and did not show the same detrimental effects. Another concern was that the water in the field will be reused over and over through the waste water facility. The calcium therefore will multiply rapidly and the detrimental effect on the friction reducer will worsen. Although NaOCl is liquid and more difficult to apply, it was chosen over Ca(ClO) 2 due to the impact on hydraulic fracturing operations.
Bactericidal Activity
When hypochlorites are added to water, the hypochlorite dissociate into hydrochloric acid and hypochlorus acid (Eq. 2). Some of the hypochlorus acid will (depending on pH) dissociate into a hydrogen ion and a hyperchlorite ion (Eq. 3).
The hypochlorus acid appears to be the most important component in disinfection. The effect of HOCl is not fully understood at this point and several different theories on bactericidal activity of hypochlorites are supported, two of them will be discussed here.
One theory proposes that the cause of bacterial death may possibly be caused by metabolic dysfunction as a result of depletion of adenine nucleotides. Research showed that cells exposed to HOCl were unable to step up their energy charge after addition of nutrients. This can be attributed to the fact that exposed cells have lost their ability to regulate their adenylate pool (adenalytes are nucleotides; nucleotides play a central role in every cells metabolism). The metabolic function seems to be depressed due to the cells inability to remove AMP (adenine monophosphate, a nucleotide) in conjunction with modifications of some membrane-bound protein causing extensive ATP (adenosine triphosphate -the main energy and transfer molecule in a cell) hydrolysis.
Another theory states that bacterial killing by HOCl is the result of inhibition of DNA replication. During bacterial genome replication, the origin of replication binds to proteins that are associated with the cell membrane, and it was observed that HOCl decreased the affinity of extracted membranes.
Pros
The pros of hypochlorites include the ease of application and testing. The test for free chlorine can easily be applied by use of chlorine sticks (same as in pool testing kits and widely available), oxygen/reduction meters or chromogenic dyes and spectrophotometers.
Hypochlorites are relatively inexpensive and can be applied by a wide range of methods. The environmental impact is neglectable and free chlorine dissipates very fast. Any liquid spill as long as it is contained can be neutralized by adding water and diluting the concentrated bleach solution. Hypochlorites are extremely effective in killing bacteria once the free chlorine demand is satisfied.
Cons
Hypochlorites dissipate quickly and retreatment is necessary depending on the environment (temperature, addition of liquid). By-products caused by reaction of chlorine with natural occurring organic products can produce dangerous compounds, known as disinfection byproducts (DBPs). The most common DBPs are trihalomethanes (THMs) and haloacetic acids, both known to the EPA as carcinogens. However, since the water is not used for human or animal consumption, this is less of a concern.
Another concern is the corrosivity of liquid and hypochlorite solutions with a free chlorine content of equal to or greater than 10 ppm -at this point enough HCl is created in the aqueous solution to cause corrosion. Care has to be taken not to exceed the 10 ppm range. If enough contact time for the free chlorine in solution is available (Fig. 4) , it is not necessary to bring the free chlorine up to superchlorination levels (free chlorine = 10 ppm).
Free chlorine created with hypochlorites has a rather short half life. Retreatment of aqueous solutions to prevent recontamination has to be performed frequently depending on surrounding factors like ambient temperature, and addition of contaminated water.
Bottom Line
Hypochlorites are an effective and inexpensive method to control and kill bacteria. Independent lab studies showed that hypochlorites are very effective bactericidal agents at either the superchlorination level or at a lower free chlorine level given that the required exposure time is available. Tests are easy to perform to determine if enough hypochlorite has been added to disinfect the treated water.
Chlorine Dioxide
Chlorine dioxide (ClO 2 ) is a powerful oxidizing agent and a more potent disinfecting agent than hypochlorites. It was first discovered in 1811 by Sir Humphrey Davey. The first use for drinking water treatment in the US can be traced to 1944. In 1956 chlorine dioxide was introduced as a drinking water disinfectant on a large scale in Europe.
High purity ClO 2 is produced in a pH neutral solution through a controlled reaction of NaOCl, HCl (production of chlorine gas), and sodium chlorite according to Eq. 3:
High purity ClO 2 is therefore a chlorine-free ClO 2 solution. Chlorine gas, which is very poisonous, will only be formed in air in the presence of sunlight. In aqueous oilfield applications, the reaction of ClO 2 with oxidizable substances takes place in two steps. In the first step, the ClO 2 molecule accepts an electron and a chlorite ion is formed (ClO 2 -). During the second stage the chlorite ion accepts four electrons and the chloride ion (Cl -) is formed. ClO 2 leaves long-lasting residuals since it does not combine with ammonia to a significant extent. Since chlorine dioxide is unstable, it has to be generated on site by use of heavy equipment and machinery. This makes ClO 2 much more expensive than hypochlorites.
The higher disinfectant power of chlorine dioxide can be explained due to the fact that it is a better oxidizer -a better electron receiver. Chlorine can take two electrons whereas chlorine dioxide can accept as many as five electrons. ClO 2 does also not combine as easily with aromatic compounds. Aromatic compounds have atoms arranged in rings. Other chemicals (like chlorine) can attach to these rings. Chlorine dioxide on the other hand breaks these rings apart. Since ClO 2 acts only by oxidation, it will not combine to form harmful chlorinated by-products known to the EPA as carcinogens.
Chlorine dioxide does not create HCl when mixed with water and is therefore less corrosive. The pH dependencies of ClO 2 are very small and the solution is effective at all pHs below 12.
An additional benefit to chlorine dioxide is the removal of biofilms and the support in solid separation. Fig. 5 shows a contaminated aqueous sample on the right and the same sample after sedimentation created by addition of ClO 2 .
Bactericidal Activity
The primary chemical reaction of chlorine dioxide is through oxidation. Chlorine dioxide's oxidation is very selectivethat is the reason why it has better bactericidal activity compared to other oxidizers. It is highly reactive with certain amino acids that make up proteins. Two of these amino acids are aromatic; tryptophan and tyrosine, and two contain sulphur in their structures, methionine and cysteine. These amino acids contain easily abstracted electrons, a prerequisite for rapid reactions with ClO 2 . Aromatic molecules contain electron clouds, whereas the sulphur containing molecules have the natural electronegativity of sulphur to promote the donation of electrons to chlorine dioxide. The reactions with the aromatic amino acids are probably responsible for the destruction of cellular structural components while the reaction with the sulfur containing amino acids seem to be more responsible for the rapid cell death of the bacteria.
Enzymes in charge of metabolism, cellular repair, transport of materials in and out from a cell, and protein synthesis are composed of many strands of polypeptides, which are chains of linked amino acids. The amino acids are held together in a three dimensional shape by disulfide bonds cross-linking the chains together. Enzymes must have a specific shape in order to perform their duties in the cell. If the fusing bonds are broken through oxidation, the shape of the enzyme is altered and it cannot perform its biological function. A simultaneous loss of several biological functions through oxidation of several different enzymes will kill the bacteria cell.
Pros
Chlorine dioxide is a great disinfectant and is very effective in killing bacteria. The long term residues help to prevent recontamination and therefore retreatment is not necessary on a frequent basis. Chlorine dioxide is also useful to help in separation activities.
Cons
Due to the on site generation and hence the requirements for special solutions and machinery the cost of ClO 2 is rather high compared to other bactericides. A breakdown in the generation apparatus can shut down frac or workover operations for several hours to days if the machinery has to be replaced.
A breakdown of the machinery if undetected could allow contaminated water to be pumped into the wellbore and/or formation.
Bottom Line
Chlorine dioxide is a very effective disinfecting agent and appears to have additional benefits in breaking of emulsions, sedimentation of solids, and separation of hydrocarbons. The application appears to be geared currently more towards a one time treatment or remediation after a catastrophic event than towards a continuous application in hydraulic fracturing. At the writing of this paper, a ClO 2 pilot was not yet implemented. However, efforts are on their way to have a ClO 2 pilot implemented by the end of 2 nd Qtr 2009.
Other Biocides
Various non-chlorine based biocides have been registered with the EPA for oil field use. Biocides that were tested in this category include quaternary ammonium compounds, aldehydes, bronopol, and two combination chemicals. These bactericides are mentioned briefly and their bactericidal mechanism is explained under the main heading. Test results are discussed and presented under the bottom line heading. In order to understand application of biocides, one has to understand the mechanisms of resistance for bacteria.
Mechanisms of Resistance
In recent years, considerable progress has been made in understanding more fully the response of different types of bacteria to antibacterial agents. Resistance can be either a natural property of an organism (intrinsic) or acquired by mutation or acquisition of plasmids (self-replicating, extrachromosomal DNA).
For a disinfectant molecule to reach its target site, the outer layer of a cell must be crossed. The nature and composition of these layers depend on the organism type and may act as a permeability barrier, in which there may be reduced uptake.
Bacteria can also adapt to stress from the outside. Stress is (i) any deviation from the optimum growth condition that produces a reduced growth rate, or (ii) exposure to an environmental situation that produces damage to cellular components. The bacteria are able to adapt to these stresses and can become resistant to normally lethal doses of glutaraldehyde or other biocides by changing their cell membrane thickness or formation of additional biofilms. Biofilms can consist of monocultures, of several different species, or of mixed phenotypes of a given species. Bacteria in different parts of a biofilm experience different nutrient environments, and their physiological properties are affected. Within the depths of a biofilm nutrient limitations is likely to reduce growth rates, which can affect susceptibility to antimicrobial agents. Slow growing bacteria are particularly insusceptible. The reduced sensitivity of bacteria within a biofilm to bactericides may be attributed to (i) reduced access of the biocide, (ii) chemical interaction between the biofilm and the bactericide, or (iii) genetic exchange between the cells in a biofilm.
Due to the fact that different biocides act differently on cells and attack different part of cells, it is recommended to change up the type of biocide applied every few months. However, care must be taken in selection of biocides since some biocides act on the bacteria the same way hence reducing the effectiveness of a succeeding biocide if both biocides have a similar type of attack.
Quaternary Ammonium Compounds
Quaternary ammonium compounds are cationic surfactants (surface-active agents) -the most useful disinfectants in surfactants. Surfactants have two regions in their molecular structures, one a hydrocarbon, water repellent group (non-polar) and the other a water attracting group (polar group). Depending on the basis of the charge of the hydrophilic group, they are divided into cationic, anionic, nonionic, and ampholytic compounds. The general structure of this group of chemical is that the cation portion of the chemical exists as four alkyl groups attached by covalent bonds to a single nitrogen atom.
It has been known for many years that QACs are membrane-active agents targeting predominantly the inner membrane in bacteria. Bacteria exposed to QACs follow the following sequence:
-adsorption and penetration into the cell wall -reaction with the cytoplasmic membrane -leakage of intracellular low-molecular-weight material -degradation of proteins and nucleic acids -wall lysis caused by autolytic enzymes
The bacteria cell basically looses the structural integrity of the cytoplasmic membrane.
Unfortunately a large number of reports on the microbial activity of QACs are based on experiments where inadequate neutralization of the test material carried over to the subculture medium, so that a static condition produced in the subculture is mistaken for bactericidal activity. The typical inhibiting concentrations in ppm for gram negative bacteria range from 225 ppm up to 1,000 ppm, the killing dilutions range from a dilution of 1 / 25,000 to 1 / 63,000 . Different types of QACs were field and laboratory tested. The QACs tested were all either in the solid state, either in powder form, ball form, or pellet form. Although QACs are normally very good bactericides, they did not perform as expected during the tests. The tests indicated that the QACs in recommended lethal doses did not kill the bacteria but sent the bacteria into a biostatic state from which they recovered within 48 hours and started to multiply again.
Aldehydes
Glutaraldehyde was the initial biocide selected for bacteria treatment at the central E&P waste facility. Glutaraldehyde is a great disinfectant for low temperatures. It has a broad spectrum of activity against bacteria.
Medical studies indicated a strong binding of glutaraldehyde to unprotonated amines of the outer layers of the bacteria cell. These points might represent the reactive sites. Glutaraldehyde also inhibits RNA, DNA, protein synthesis, and enzyme systems, and removes parts or the entire cell membrane.
Other tests indicated an additional effect on the inner membrane of the bacteria. The bactericidal activity of glutaraldehyde basically prevents the bacteria cell from undertaking most of its essential functions and it dies.
Glutaraldehyde is more active at alkaline than acidic pHs. As the external pH is altered from acidic to alkaline, more reactive sites are formed at the cell surface, leading to a more rapid bactericidal effect.
However, application of glutaraldehyde proved to be detrimental to the system. Water from the E&P waste facility is used for hydraulic fracturing as well as workover operations. Water from flowback of recently fractured wells is also reused for completions operations. After fracturing or a workover operation is completed, the remaining water is trucked back to the central E&P waste facility. Glutaraldehyde was added to the water going out of the central waste facility to insure bacteria free water on location going downhole.
Glutaraldehyde has a long half-life compared to free chlorine. Hence, small doses of glutaraldehyde were brought back to the central waste facility -the glutaraldehyde was in such low doses that it would not kill the bacteria. The small doses of glutaraldehyde applied stress to the bacteria and they developed an increase in resistance to glutaraldehyde.
The result was an increase in glutaraldehyde and an exponential increase in the cost associated with the use of glutaraldehyde. Due to the fact that free chlorine is gone by the time water returns to the treatment ponds, bacterial resistance to chlorine was not observed.
Bronopol
Bronopol is a highly active antimicrobial chemical compound whose chemical formula is 2-bromo-2-nitropropane-1,3-diol. It was invented by The Boots Company in the early 1960s and it was first used as preservative. Its low toxicity for human and exceptional activity against bacteria made it a popular preservative in consumer products like shampoo and cosmetics. Today bronopol is used mainly in industrial water treatment; its use in consumer product has declined due to the potential for nitrosamine formation. Although nitrosamines are fairly often present in our diet and are even produced in our stomach, they are considered to be potential carcinogens.
Bronopol is a non-oxidizing biocide which combines with thiol groups (such as glutathione and cysteine) and thus disrupts the function of cell surface components and transport across cell membranes. It also inactivates various key enzymes necessary for cell growth and survival.
Bronopol was tested under lab and field conditions and showed excellent bactericidal properties, killing bacteria even in long term tests.
Bottom Line
QACs, 2-bromo-2-nitro propane-1,3,-diol (bronopol), methylene bis(thiocyanate)-2(thiocyanomethylthio) benzothiazole mixture (TCMTB), and 2,2-dibromo-3-nitrilo-propionamide (DBNPA) were tested in a laboratory setting as well as under field conditions. Many of the formulas tested were not lethal for bacteria and bacteria growth was observed within a couple of days of biostatic state. Some bactericides killed only SRBs and other bacteria were multiplying (tested through dilution method and on agar plates) -including AFBs and SFBs. Other bactericides did not provide bacteria kill at all.
In addition some of the bactericides are very toxic to the environment, animals, and humans. OSHA and EPA exposure limits can be surpassed when adding enough biocide for bacterial kill. There is a high likelihood that personnel or the environment may be exposed to an aqueous solution above the exposure limits during workover or completion operations.
The increase in volume of bactericide applied for bacterial kill is direct proportional to the bactericide cost -bactericides are very expensive.
Some other biocides had a long half-life, causing stress to bacteria when they were reintroduced to the central waste facility after completion and workover operations are completed and making them resistant to the type of bactericide. This causes either an increase in dosage or a change to a different bactericide for some time. In order to understand the point in time when bacteria become resistant to one type of bactericide, a very thorough monitoring program has to be implemented. Failure in following this monitoring program can lead to catastrophic results -pumping of heavily contaminated water into the formation and/or wellbore.
Laboratory and Field Testing
All different methods and bactericides discussed above were compared during field and laboratory comparison testing. Several different chemical supply companies provided samples and dosage recommendations for bactericides. The bactericides tested will not be named by their commercial name but compared using their generic name.
The field comparison testing was performed using two 80 bbl tanks that were filled with water from the central E&P waste facility -the same water that would be used to supply frac pits and workover water tanks.
A control sample of each tank was taken before any biocide was added. After mixing the tanks for 30 minutes, samples were taken, placed on ice, and then transported to the laboratory for testing. Several more dilutions were made in the laboratory with the different chemicals to understand the dosage required for bacteria kill using water from the central E&P waste facility. An additional sample from the tests was taken one week after initial treatment to better understand longevity of the chemical and the bacteria kill. The different samples were taken and plated on a regular agar plate. An agar plate was chosen over a dilution method to better understand overall bacteria growth and kill. Samples were plated after 24 hrs and 96 hrs of biocide treatment. The plates were examined after 24 hr and 96 hr incubation. 0.01 ml samples were plated in all cases. Any bacteria colony that developed was counted.
The results of the test for the different chemicals can be found in Table 1 . TMC in the bacteria count column indicates "too many to count". If the sample showed TMC initially or after 48 hrs of biocide treatment, the plating after 96 hrs of biocide treatment was not performed.
Note that the results will vary depending on water quality. No claim is made here that underperforming bactericides are not effective as biocidal agents -the underperforming bactericides however did not perform as expected under the current water composition in the Piceance test field.
Bactericide Selection for Operations
At the time the tests were performed, sodium hypochlorites were used to treat contaminated water to prep it for reuse in completions and fracturing operations. In order to select the most appropriate method for operational application, a three dimensional graph was created trying to understand the impact of different weigh in areas.
The following weigh in areas were considered: -Cost -Efficiency -Operational Impact A brief description of parameters influencing every one of the three criteria is given here:
Cost
Cost consideration includes not only the total bulk cost of the chemical, but also transportation, mixing, and initial capital cost required for implementation of each bactericide or bacteria control method.
Efficiency
This criterion includes basically the bactericidal effectiveness of the product and the half life of the component judged is also taken into account.
Operational Impact
The Operational Impact category accounts for environmental impact, health and safety issues, implementation concerns, and use of personnel/training.
In order to be able to compare the different bactericides and methods, a dimensionless rating was introduced. The rating for each category was determined to be between 1 and 5 with one being the worst possible impact and five being the most favorable.
The ranking for the different methods and biocides can be found in Table 2 . A three dimensional graph was created with the x axis depicting cost, y axis operations, and the z axis efficiency (Fig. 6 ).
Comparing the different methods and biocides based on this graph lead to picking chlorination with hypochlorites as the preferred method. This method is employed currently in the field -however, other methods like chlorine dioxide and aeration are still being pursued for pilot projects. Further, remaining operational challenges still have to be solved to make the selected method even more economic and less impactful on operations.
Conclusions
Several different bactericides and test methods were introduced, their working modulus explained, and most of them field and lab tested. Bactericide testing did not include aldehydes, chlorine dioxide, bromine or aeration.
Aldehydes were not tested since it was proven in the field that aldehydes initially worked very well as a bacterial control agent to kill bacteria. However, the long half life of the aldehydes caused stress to the bacteria in the central E&P waste facility -causing them to develop resistance to initially lethal doses of aldehydes. The resulting costs due to the requirement to increase dosage were increasing steadily and prompted the investigation into other techniques and bactericides.
Chlorine dioxide was not tested either due to a lack of available on site generation. However, it has been proven in the industry that chlorine dioxide is a better disinfectant than hypochlorites. A field pilot test is planned to be implemented by the end of 2 nd Qtr 2009 to understand related costs. Chlorine dioxide is assumed to be very costly for a continuous treatment. Another pilot that will be implemented and results should be available at the end of 2 nd Qtr 2009 will deal with aeration. However, aeration will not be implemented as a single bacteria control but in conjunction with additional bactericide. The benefits of aeration do not lie in its ability to kill bacteria but in its ability to reduce the food source for bacteria. It is therefore believed that the requirement for bactericide volumes will be greatly reduced not only because of fewer bacteria but also because of fewer organics, ammonia, and soluble iron that can tie up different parts of the bactericides.
The results of the laboratory and field testing were then incorporated to select the best option for the field as an efficiency measure. Other selection criteria included cost and operational impact ( Table 2 and Fig. 6 ). All criteria were ranked through dimensionless rating numbers from 1 to 5.
The cost criterion includes not only bulk chemical cost but also transportation, mixing, and initial capital costs. The operational impact criteria reflects any issues with environmental and safety challenges, implementation concerns, and use of personnel and the related required training.
Looking at Fig. 7 clearly puts the choice on hypochlorites. Hypochlorites are very cost efficient. They are also easy to mix and minimal training is required for application personnel except to fulfill EPA and OSHA requirements. The initial capital cost is low for the operator and applicator but includes storage facilities and additional personal protective equipment (PPE) as required by the MSDS and OSHA regulations. The environmental, health, and safety risks are very low because of the short half life of free chlorine. Exposure limits set by the EPA and OSHA will never be exceeded during operations.
However, operational considerations and challenges still need to be solved. Hypochlorites can be very corrosive if mixed incorrectly causing the free chlorine level to increase above 10 ppm. Care has to be taken during mixing of the aqueous solution and a rigorous testing program has to be followed in order to avoid over or under treatment. Testing for free chlorine is easy to undertake and the different available test kits (strips or colorimeter) are very inexpensive and can be acquired in a wide range of stores.
Field and laboratory testing indicated a very effective kill of bacteria applying hypochlorites. Chlorine gas, a byproduct that is widely suspected to be created when applying hypochlorites in aqueous solutions containing hydrocarbons, was never encountered.
In order to lower the cost for hypochlorite application in the field, an aeration pilot will be set up to reduce the amount of soluble iron, ammonia, and other organics in the water. The water will then be treated in the frac pits to a level of 5 ppm free chlorine. After achieving the correct level, no more hypochlorite will be added. After 30 minutes an additional test will be performed. If the free chlorine is at this point still ≥ 1 ppm, the water will be deemed as sufficiently disinfected. Field and laboratory tests indicated that a 30 minutes contact time with 5 ppm free chlorine is sufficient to kill all the bacteria. The increase in contact time compared to Fig. 4 is necessary due to some encapsulation of bacteria by slime and other biofilms.
In addition to treating the water in the frac pit, additional sodium hypochlorite is added to the frac fluid on the fly when it is pumped into the formation.
In order to facilitate an easy operational implementation, business rules and best practices were put together by engineering and field operations as easy to follow rules for field personnel.
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